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1.  Introduction 

It  is  well  known  that  two-component  explosives  con¬ 
sisting  of  metal  particle  fuels  and  oxidizers  can  pro¬ 
duce  more  than  twice  the  energy  of  high  performance 
molecular  explosives  alone.  Aluminum  powder  (typi¬ 
cally  ~50  /mi  average  diameter)  is  frequently  added 
to  explosives  and  propellants  to  improve  their  perfor¬ 
mance.  The  addition  of  metallic  aluminum  results  in 
a  considerable  increase  in  the  heat  of  explosion  and 
higher  temperatures  since  alumina  (AI2O3)  has  a 
high  heat  of  formation  [1].  Other  fuels  used  in 
heat-producing  pyrotechnics  include  Ti,  Mg,  Ni,  Zr, 
and  Be  [2],  Recently  there  has  been  considerable  in¬ 
terest  in  using  nanoparticle  fuels,  which  offer  the 
possibility  of  faster  energy  release,  more  efficient 
combustion,  and  controllable  explosive  performance 
(via  particle  size  or  passivation  layer  properties) 
[3,4].  The  development  of  nanoenergetic  materials 
has  been  limited  by  the  lack  of  fundamental  under¬ 
standing  regarding  the  chemical  dynamics  involved. 

The  need  to  understand  the  chemical  mechanisms 
of  combustion,  thermal  explosion,  and  detonation  is 
essential  in  order  to  develop  more  efficient  explosives 
and  propellants.  In  addition,  the  chemical  products 
produced  during  detonation  can  negatively  affect 


device  performance,  so  an  understanding  of  the 
chemical  reactions  involved  during  the  decomposi¬ 
tion  of  component  mixtures  is  crucial.  In  a  recent 
study,  Song  et  al.  investigated  the  formation  of  C 
and  AlO  in  an  aluminized-cyclotrimethylenetrinitra- 
mine  (RDX)  shock  tube  explosion  [5] .  Both  unreacted 
carbon  (C,  C2)  and  AlO  decrease  rocket  performance. 
By  monitoring  the  C2  and  AlO  emission,  they  ob¬ 
served  that  increasing  the  quantity  of  Al  particles 
(~4.5  /mi  diameter)  added  to  the  RDX  resulted  in  in¬ 
creased  C2  emission.  They  subsequently  studied  the 
effect  of  nanoaluminum  on  the  detonation  of  RDX  in 
a  similar  experimental  setup  [6]. 

Here,  we  demonstrate  an  alternate  approach  for 
studying  the  chemical  reactions  of  molecular  ex¬ 
plosives  and  metallic  nanoparticles.  This  approach, 
based  on  laser-induced  breakdown  spectroscopy 
(LIBS),  involves  generating  the  metallic  nanoparti¬ 
cles  via  laser  ablation  and  studying  the  chemical 
reactions  that  occur  in  the  laser-induced  plasma  by 
monitoring  the  time-resolved  emission  spectra.  In 
the  past  decade,  laser  ablation  has  increasingly  been 
used  to  produce  metallic  nanoparticles.  The  size  and 
distribution  of  the  nanoparticles  can  be  controlled  by 
using  sequential  laser  pulses,  varying  repetition 
rates,  laser  fluence,  wavelength,  and  pulse  width, 
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and  choice  of  carrier  gas  (air,  argon,  nitrogen,  etc.) 
[7-10] .  LIBS  is  an  analytical  technique  that  has  been 
widely  investigated  over  the  past  several  decades  for 
both  qualitative  and  quantitative  material  analysis 
[11];  previous  applications  include  the  detection  of 
explosives  [12] .  It  is  only  recently  that  a  few  groups 
have  started  investigating  the  chemical  reactions 
involving  explosive  materials  that  occur  during  the 
lifetime  of  the  laser-induced  plasma  (tens  to  hun¬ 
dreds  of  microseconds)  and  the  subsequent  effect 
on  the  LIBS  signature  [13-18]. 

The  potential  advantages  to  this  approach  to 
studying  nanoenergetic  materials  include  (1)  little 
or  no  sample  preparation  is  needed  (the  laser  directly 
ablates  the  explosive  and  substrate  material),  (2)  the 
intermediate  chemical  reactions  of  the  nanoenergetic 
material  can  be  studied  on  a  small  scale  (microgram 
quantities),  eliminating  the  need  for  a  shock  tube  or 
other  explosive  containment  apparatus,  (3)  the  prop¬ 
erties  of  the  laser  (pulse  energy,  wavelength,  pulse 
duration)  can  be  tuned  to  control  the  size  and  distri¬ 
bution  of  the  particles  formed,  and  (4)  time-resolved 
relative  concentrations  of  a  large  number  of  atomic 
and  molecular  species  can  be  tracked  simulta¬ 
neously.  With  this  approach,  any  type  of  material 
can  be  ablated  with  the  laser  and  its  plasma  chem¬ 
istry  studied  as  long  as  the  laser  energy  exceeds  the 
breakdown  threshold. 

In  this  work,  the  laser  ablation  of  thin  film  resi¬ 
dues  of  RDX  on  various  metal  substrates  (generating 
nanoenergetic  particles)  has  been  combined  with  the 
observation  of  time-resolved  optical  emission  from 
the  resulting  high-temperature  plasma.  The  relative 
concentrations  of  C,  C2,  CN,  H,  N,  and  0  (as  well  as 
any  other  metal  substrate-related  atomic,  molecular, 
or  ionic  species  emitting  from  200-940  nm)  were 
tracked  during  the  lifetime  of  the  plasma  (typically 
<1  ms).  Several  experiments  designed  to  understand 
the  time  dependence  of  species  formation  in  the  plas¬ 
ma,  to  determine  the  effect  of  bulk  and  trace  metals 
on  the  chemistry  of  RDX,  and  to  study  the  effects  of 
laser  pulse  energy  were  performed. 

2.  Experimental  Methods 

Colleagues  at  the  U.S.  Army  Research  Laboratory 
provided  Class  1  (<850  /mi  particle  diameter),  mili¬ 
tary-grade  RDX.  Double  pulse  LIBS  spectra  of  a  thin 
layer  of  RDX  crushed  on  the  surface  of  a  1-mm-thick 
A1  substrate  (Sigma-Aldrich,  99.999%)  were  obtained 
using  two  Big  Sky  CFR400  lasers  (1064  nm,  225  mJ 
per  laser)  focused  on  the  sample  surface  with  a  10  cm 
focal  length  convex  lens.  The  interpulse  delay  be¬ 
tween  the  two  laser  pulses  (At  =  2  /is)  was  selected 
to  minimize  the  amount  of  atmospheric  contribution 
to  the  O,  N,  and  H  emission  signals.  A  pierced  mirror 
was  used  to  collect  the  spatially  integrated  plasma 
emission  in  a  600  //m  fiber  optic.  The  fiber  was  in¬ 
serted  into  a  Catalina  Scientific  echelle  spectrometer 
(SE200)  through  a  25  /un  pinhole  (200-1000  nm).  An 
Apogee  (AP2Ep)  ICCD  (gain  =  600)  served  as  the 
detector.  The  gate  delay  (fdeiay)  was  varied  from  0 


to  10  /(S  while  the  integration  time  (iint  =  1  /is)  was 
held  constant  at  the  minimum  value  for  the  detec¬ 
tor.  Ten  single-shot  spectra  at  each  gate  delay  were 
recorded. 

To  study  the  laser-induced  plasma  chemistry,  a 
second  double  pulse  LIBS  setup  was  employed.  For 
this  experiment,  two  Nd:YAG  lasers  (Continuum 
Surelite,  1064  nm,  maximum  ~420  mJ  per  laser) 
were  focused  onto  the  sample  surface  with  a  10  cm 
lens.  The  plasma  emission  was  directed  into  a 
400  /i m  fiber  optic  using  a  pierced  mirror  setup. 
An  echelle  spectrometer  (Catalina  Scientifc  EMU- 
65)  was  paired  with  an  electron  multiplying  CCD 
(EMCCD)  detector  (Andor  iXon,  gain  =  2)  to  collect 
the  LIBS  spectra  (200-1000  nm)  under  an  argon  flow 
with  the  following  timing  parameters:  At  =  2  //s, 
tint  =  50  /<s,  and  tdeiay  =  1  /<s.  Both  detectors  [inten¬ 
sified  CCD  (ICCD)  and  EMCCD]  were  corrected 
for  their  spectral  responses  using  a  calibrated  deu¬ 
terium  tungsten-halogen  light  source.  For  the  sam¬ 
ples  used  to  study  the  plasma  chemistry,  the  RDX 
was  suspended  in  acetonitrile,  which  enables  fairly 
reproducible,  semiquantitative  sample  deposition. 
Typical  RDX  concentrations  of  —  1 0  mg/ml  were  ap¬ 
plied  to  the  substrate  surfaces  with  multiple  deposits 
from  a  10  //I  syringe,  resulting  in  residue  concentra¬ 
tions  of  ~2.5  /<g/mm2;  approximately  13  fig  of  RDX 
was  sampled  with  each  laser  shot.  The  substrates 
used  for  this  experiment  were  high-purity  metals 
(>lmm  thick)  obtained  from  Sigma-Aldrich:  A1 
(99.999%),  Cu  (99.999%),  Ni  (99.98%),  Sn 
(99.998%),  and  Ti  (99.998%).  Fifty  single-shot  spec¬ 
tra  of  RDX  residue  on  each  of  the  pure  metal  sub¬ 
strates  were  obtained.  Spectra  of  RDX  residue  on 
an  AI2O3  sample  from  our  laboratory  and  A1  alloy 
standard  reference  material  (SRM)  purchased  from 
the  National  Institutes  of  Standards  and  Technology 
(NIST  SRM  1256b,  alloy  380;  NIST  SRM  1259, 
alloy  7075;  NIST  SRM  1715,  alloy  5182)  were  also 
acquired. 

Additional  experiments  performed  using  the  Con¬ 
tinuum  double  pulse  laser  setup  include  the  sam¬ 
pling  of  mixtures  of  RDX  with  <75  /un  diameter  A1 
powder  (Sigma-Aldrich).  The  A1  powder  was  added 
to  8  mg  of  RDX  in  several  weight  ratios  (0:1,  1:1, 
2: 1,  and  4: 1).  The  mixtures  were  then  spread  onto 
a  6.5  cm2  area  on  the  surfaces  of  the  pure  metal  sub¬ 
strates  Al,  Cu,  Ni,  Sn,  and  Ti.  Fifteen  single-shot 
spectra  were  acquired  under  argon  for  each  sample. 
Unlike  the  pure  RDX  residue,  which  tends  to  stick 
easily  to  substrate  surfaces,  a  significant  portion  of 
the  RDX/A1  mixtures  was  blown  off  the  substrate 
by  the  shock  wave  from  each  laser  shot.  An  exhaust 
port  was  placed  near  the  point  of  laser  ablation  to  en¬ 
sure  none  of  the  explosive  mixtures  were  inhaled  or 
otherwise  dispersed  into  the  laboratory. 

The  dependence  of  the  emission  spectra  on  laser 
pulse  energy  was  studied  using  the  Continuum 
double  pulse  laser  with  the  echelle/EMCCD  spectro¬ 
meter.  As  before,  the  RDX  was  suspended  in  acetoni¬ 
trile  and  deposited  on  the  pure  Al  substrate 
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(~2.5  /ig/mm2).  Twenty  spectra  of  both  the  pure  sub¬ 
strate  and  the  RDX  residue  were  acquired  under 
argon  using  a  single  210  mJ  laser  pulse,  a  double 
210  mJ  pulse  (total  energy  420  mJ),  a  single 
420  mJ  pulse,  and  a  double  420  mJ  pulse  (total  en¬ 
ergy  840  mJ). 

3.  Results  and  Discussion 

A.  Time-Resolved  Emission  Spectroscopy 

Background-corrected  peak  emission  intensities  for 
the  atomic  and  molecular  species  relevant  to  RDX 
were  tracked  over  the  first  10  //s  of  the  laser-induced 
plasma  lifetime  (Fig.  1).  Although  the  emission  spec¬ 
tra  collected  with  a0/is  gate  delay  (and  a  1  /is  gate 
width)  contain  the  background  continuum  character¬ 
istic  of  bremsstralilung  emission  (which  persists  for 
the  first  several  hundred  nanoseconds),  discrete 
emission  lines  were  also  observed.  After  subtracting 
the  average  background  signal  near  the  relevant 
emission  line,  the  peak  intensities  for  the  C 
(247.856  nm),  H  (656.285  nm),  N  (746.831  nm), 
and  O  (777.194/777.417  nm)  lines  were  normalized 
to  the  total  emission  intensities  of  selected  atomic 
and  molecular  species,  including  CN  (388.340  nm), 
C2  (516.520  nm),  and  AlO  (484.220  nm).  Because 
the  RDX  residue  was  applied  to  an  aluminum  sub¬ 
strate,  A1 1  and  A1 II  emission  features  were  observed 
in  addition  to  AlO  (formed  by  the  reaction  of  the  A1 
from  the  substrate  and  O  liberated  from  the  RDX). 

The  cause  of  the  initial  increase  in  the  normalized 
O  intensity  over  the  first  several  microseconds  is  un¬ 
clear,  but  may  be  the  result  of  slower  dissociation  re¬ 
actions  involving  the  release  of  atomic  O.  The  O 
(after  2  gs),  N,  and  H  emission  from  the  RDX  slowly 
decays  over  time,  while  the  C  emission  is  relatively 
constant  for  the  first  10  /is  of  the  plasma  lifetime.  The 
energy  required  to  promote  C  into  the  excited  state 
(which  subsequently  emits  radiation  at  247.856  nm 
as  the  electron  relaxes  to  a  lower  energy  level)  is 
much  lower  than  that  for  the  O,  N,  and  H  lines 
(7.68  eV  compared  to  10.7 , 12.0,  and  12.1  eV,  respec¬ 
tively)  [19]  and  is  therefore  less  affected  by  the 
decreasing  thermal  energy  in  the  plasma  at  later 


Fig.  1.  (Color  online)  Peak  atomic  emission  intensities  as  a  func¬ 
tion  of  gate  delay  (gate  width  1  ^s).  Error  bars  represent  95% 
confidence  intervals. 


times.  Because  the  double  pulse  LIBS  technique 
[20]  was  used  to  collect  the  data,  only  a  minimal 
amount  of  air  was  entrained  into  the  plasma  and 
most  of  the  O,  N,  and  H  signals  were  from  the 
RDX  residue  (and  potentially  contaminants  on  the 
aluminum  surface). 

As  previously  reported  for  other  materials  with 
much  lower  laser  energies  [21-23],  the  molecular 
species  exhibit  very  different  time-dependent  behav¬ 
ior  in  the  laser-induced  plasma.  Of  the  three 
molecules  observed  in  the  LIBS  spectra  of  RDX  on 
aluminum,  only  the  CN  is  present  at  very  early  times 
in  the  plasma  lifetime  since  some  CN  fragments  are 
formed  by  the  initial  laser  ablation  of  the  RDX 
molecule  (Figure  2).  These  initial  CN  fragments 
are  dissociated  into  atomic  C  and  N  atoms  by  colli¬ 
sions  in  the  high-temperature  plasma  [13],  The  ratio 
of  singly  ionized  A1  (466  nm)  to  neutral  A1  (309  nm)  is 
also  shown  in  Fig.  2.  The  excitation  temperatures 
calculated  based  on  the  Boltzmann  two-line  method 
using  the  A1 1  lines  (309  and  394  nm)  follow  the  same 
trend  as  the  ionization  ratio — both  decrease  as  the 
plasma  cools.  The  calculated  temperatures  drop  from 
~11, 000  K  at  a  gate  delay  of  0  gs  to  around  3700  K  at 
a  gate  delay  of  10  gs.  As  the  plasma  begins  to  cool, 
CN,  C2  and  AlO  form  from  chemical  reactions,  e.g., 
Eqs.  (1-4)  [13],  Eq.  (5)  [24],  and  Eq.  (6)  [25],  resulting 
in  an  increase  in  molecular  emission  at  times  >2  fis: 


C  +  N  +  M^CN  +  M,  (1) 

C  +  N2  -*•  CN  +  N,  (2) 

CO  +  C  ->  C2  +  O,  (3) 

CN  +  C  -*  C2  +  N,  (4) 

A1  +  O  +  M  -►  AlO  +  M,  (5) 

A1  +  C02  -►  AlO  +  CO.  (6) 


The  formation  of  molecular  species  during  the  life¬ 
time  of  the  laser-induced  plasma  is  clear  evidence 


Fig.  2.  (Color  online)  CN,  C2,  and  AlO  emission  (shown  as  a  func¬ 
tion  of  gate  delay  with  a  gate  width  =  1  ^s)  increases  as  the  plas¬ 
ma  cools  and  becomes  less  ionized.  Error  bars  represent  95% 
confidence  intervals. 
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that  chemistry  is  occurring  in  the  highly  excited, 
nonequilibrium  environment.  While  most  LIBS  prac¬ 
titioners  therefore  limit  the  detector  gate  width  in  or¬ 
der  to  minimize  changes  in  the  emission  intensities 
(at  the  expense  of  sensitivity),  our  goal  was  to  deter¬ 
mine  if  useful  information  about  the  species  involved 
in  the  plasma  chemistry  can  be  obtained  using  longer 
gate  widths.  While  using  longer  gate  widths  results 
in  stronger  overall  emission  intensities,  changes  in 
emission  intensities  resulting  from  chemical  reac¬ 
tions  in  the  plasma  (as  well  as  changes  in  the  plasma 
temperature)  also  affect  the  relative  emission  inten¬ 
sities  for  the  different  species  in  the  plasma  over  the 
integrated  plasma  lifetime. 

B.  Plasma  Chemistry 

Selected  regions  of  spectra  (double  pulse  LIBS  under 
argon)  from  the  five  high-purity  substrates  with  and 
without  RDX  are  shown  in  Figure  3.  The  increase  in 
the  C,  H,  N,  O,  and  CN  emission  with  the  presence  of 
RDX  (dotted  red  traces)  is  clearly  visible.  In  this  ex¬ 
periment  very  little  air  was  entrained  in  the  laser- 
induced  plasma,  so  most  of  the  nitrogen  used  in 
the  formation  of  CN  originates  from  the  RDX.  The 
highest  excitation  temperatures  for  the  RDX/metal 
plasmas  (calculated  using  the  Ar  I  lines  at  750.387 
and  751.465  nm)  correspond  to  Ti  >  A1  >  Cu  >  Sn  > 
Ni  (Table  1).  The  Ti  substrate  plasma  had  the  great¬ 
est  increase  in  temperature  with  the  addition  of 
RDX,  while  the  plasma  for  the  Sn  substrate  re¬ 
mained  essentially  unchanged.  The  higher  plasma 
temperature  for  the  blank  Sn  implies  less  laser  en¬ 
ergy  coupled  to  the  sample  and  more  energy  went 
into  heating  the  plasma.  In  this  case,  there  would 
be  fewer  ablated  Sn  atoms  in  the  plasma  to  affect 
the  chemistry. 

The  extent  of  ionization  for  each  RDX/metal  plasma 
(represented  by  the  ion/neutral  ratio)  followed  almost 
the  same  trend  as  the  temperature,  Ti  >  A1  >  Cu  > 
Ni  >  Sn  (Fig.  4).  The  ion/neutral  ratios  are  drastically 
different  among  the  substrates.  A1  and  Ti  have  the 
lowest  ionization  potentials  of  the  five  substrates 
(5.986  and  6.828  eV,  respectively,  compared  to 
7.726  eV  for  Cu,  7.640  eV  for  Ni,  and  7.344  eV  for 
Sn)  [26],  and  their  plasmas  have  the  highest  ion/ 


Table  1.  Calculated  Excitation  Temperatures  for  Metal  Substrates 
With  and  Without  RDX  Residue 


Temperature  (K) 


Substrate 

Blank 

RDX  Residue 

%  Change 

Al 

9594  ±  251 

12195  ± 796 

27% 

Cu 

9369  ±  142 

11802  ±611 

26% 

Ni 

9839  ±  177 

11335  ±  488 

15% 

Sn 

11639  ±  398 

11434  ±  585 

-1.8% 

Ti 

9123  ±  176 

16834  ±  1295 

85% 

neutral  ratios.  The  ionization  of  the  A1  plasma  is  sub¬ 
stantially  decreased  when  RDX  residue  is  added  to 
the  substrate,  while  the  ionization  in  the  Ti  and  Cu 
plasmas  increased.  The  ionization  of  the  Ni  and  Sn 
substrate  plasmas  showed  little  change  with  the 
addition  of  RDX  residue.  These  properties  of  the  sub¬ 
strate  will  significantly  affect  the  chemical  reactions 
occurring  in  the  laser-induced  plasma. 

Figure  5  shows  three  contour  plots  created  by  plot¬ 
ting  the  relative  emission  intensities  of  species  with¬ 
in  the  laser-induced  plasma  (normalized  to  the  Ar 
line  at  763.511  nm)  generated  by  ablation  of  RDX 
residue  on  the  five  substrates.  These  plots  illustrate 
the  variations  in  the  plasma  chemistry  caused  by  the 
different  substrates.  Figure  5(a)  shows  that,  as  the  C 
intensity  in  the  plasma  increases,  the  CN  intensity 
increases,  as  well.  The  CN  intensity  is  essentially  in¬ 
dependent  of  the  atomic  N  content,  however,  which 
indicates  that  Eq.  (2)  is  the  dominant  mechanism 
for  formation  of  CN  in  the  plasma,  rather  than 
Eq.  (1).  This  observation  is  consistent  with  previous 
results  (e.g.,  [23]).  The  0  intensity  increases  as  the  N 
increases,  while  increasing  C  content  results  in  de¬ 
creasing  0  [Fig.  5(b)].  This  result  can  be  explained 
by  the  formation  of  CO  and  CO2  in  the  plasma  via 
the  reactions 


C  +  O  +  M^CO  +  M, 

(7) 

CO  +  0  -»■  co2. 

(8) 

Equations  (7)  and  (8)  are  important  reactions  in  the 
decomposition  of  RDX,  since  the  formation  of  gaseous 
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Fig.  3.  (Color  online)  Selected  regions  of  LIBS  spectra  for  (a)  Al,  (b)  Cu,  (c)Ni,  (d)  Sn,  and  (e)  Ti  with  (dotted  red)  and  without  (solid  black) 
RDX  residue. 
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Fig.  4.  Ion/neutral  intensity  ratios  for  the  five  high-purity  sub¬ 
strates  with  and  without  RDX  residue.  The  Al  I  669.867  nm 
and  Al  II  466.306  nm  lines  were  used  to  calculate  ion/neutral  ratios 
for  Al  since  the  309.271  nm  line  was  saturated.  Other  emis¬ 
sion  lines  used  for  calculating  ion/neutral  ratios  included:  Cu  I 
296.116  nm  and  Cu  II  227.626  nm,  Ni  I  343.356  nm  and  Ni  II 
243.789  nm,  Sn  I  333.062  nm  and  Sn  II  533.236  nm,  Ti  I 
373.890  nm  and  Ti  II  462.928  nm.  Error  bars  represent  95% 
confidence  intervals. 


products  such  as  CO  and  C02  is  highly  exothermic 
and  results  in  the  liberation  of  large  quantities  of 
energy  upon  detonation  [27] .  Figure  5(c)  shows  that, 
as  the  CN  intensity  increases,  the  O  intensity  de¬ 
creases.  This  decrease  in  O  content  in  the  presence 
of  CN  can  be  explained  by  the  reaction 

CN  +  O  ->•  CO  +  N.  (9) 

The  concentration  of  atomic  O  in  the  laser-induced 
plasma  is,  therefore,  highest  in  conditions  of  low  C 
and  low  CN. 

The  assumption  for  the  preceding  analysis  is  that 
the  minor  differences  in  plasma  temperature  be¬ 
tween  substrates  with  RDX  residue  on  them  (with 
the  exception  of  Ti,  see  Table  1)  are  less  important 
than  the  effects  of  the  ablated  metal  on  the  plasma 
chemistry.  Since  the  subsequent  analysis  agrees  with 
previous  studies,  we  believe  this  assumption  is  rea¬ 
sonable.  For  a  more  quantitative  approach  to  this 
analysis,  inclusion  of  the  temperature  and  ground 
state  populations  would  need  to  be  considered.  In  ad¬ 
dition,  the  plasma  chemistry  is  extremely  complex, 
and  there  may  be  further  complications  not  consid¬ 
ered  in  this  simplified  approach. 

To  further  understand  the  effect  of  metals  on  the 
chemical  reactions  of  RDX  in  the  laser-induced  plas¬ 
ma,  Al  powder  was  mixed  with  the  RDX  in  varying 
concentrations  (0 : 1,  1:1,  2:1,  and  4 : 1)  and  applied 
to  the  five  substrates.  Al  is  rapidly  oxidized  by  oxy¬ 
gen  (O,  02),  C02,  H20,  and  possibly  other  species, 
such  as  NO,  N20,  and  N02,  to  form  AlO  before  reach¬ 
ing  its  final  equilibrium  state,  alumina  (A1203)  [28]. 
Because  of  the  high  heat  of  formation  for  A1203),  the 
addition  of  Al  to  explosive  formulations  results  in  a 
considerable  increase  in  the  heat  of  explosion.  In 
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Fig.  5.  (Color  online)  Contour  plots  for  the  (a)  N,  C,  CN,  (b)  N,  C, 
O,  and  (c)  CN,  N,  O  emission  intensities  of  RDX  on  five  different 
metal  substrates  (Al,  Cu,  Ni,  Sn,  and  Ti). 


these  experiments,  the  laser-induced  plasma  tem¬ 
perature  for  each  substrate  increased  by  as  much 
as  55%  with  the  addition  of  Al  powder  to  the  RDX 
(Fig.  6).  The  Ti  was  the  only  substrate  that  showed 
an  initial  decrease  in  plasma  temperature  with  Al 
(compared  to  the  pure  RDX  residue). 

As  the  concentration  of  Al  powder  was  increased, 
the  substrate  emission  lines  decreased  (due  to  in¬ 
creased  residue  surface  coverage)  and  the  Al  emis¬ 
sion  lines  increased.  While  the  C,  H,  N,  H,  and  CN 
emission  lines  decreased  with  increasing  Al  (possibly 
because  less  RDX  was  being  sampled  in  the  plasma), 
the  C2  and  AlO  increased  on  all  substrates  (Fig.  7). 
This  result  is  confirmed  by  the  conclusions  of 
Song  et  al.  [5],  who  observed  the  increase  in  C2 
and  AlO  emission  with  increasing  Al  content  during 
an  aluminized-RDX  explosion  in  a  shock  tube.  The 
higher  the  concentration  of  Al  in  the  laser-induced 
plasma,  the  more  O  the  Al  scavenges  to  form  AlO, 
and  the  less  O  available  to  react  with  the  C  to  form 
CO.  This  results  in  an  increase  in  condensed  phase  C 
aggregate  (soot)  and  C2.  Although  the  increase  in 
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Fig.  6.  (Color  online)  Excitation  temperatures  for  RDX/A1  mix¬ 
ture  residues  on  Al,  Cu,  Ni,  Sn,  and  Ti  substrates  calculated  using 
A1  I  lines  at  308.215  and  396.152  nm.  Error  bars  represent  95% 
confidence  intervals. 


plasma  temperature  is  more  significant  in  this  set  of 
experiments,  the  accumulation  of  soot  with  increas¬ 
ing  Al  content  has  been  observed  in  the  previous 
experiment  [5],  substantiating  our  assumption  that 
the  increase  in  C2  emission  results  from  chemical 
reactions  in  the  plasma. 

C.  Laser  Pulse  Energy  Dependence 

Conventional  formulations  of  energetic  materials 
containing  Al  particles  to  improve  the  performance 
of  explosives  and  propellants  use  particles  with  a 
mean  diameter  of  ~50  /./m,  but  the  reactivity  of  Al 
nanoparticles  has  been  shown  to  increase  with  de¬ 
creasing  size  [29] .  Previous  experiments  have  demon¬ 
strated  that  ablation  of  an  Al  target  with  a  pulsed 
laser  produces  Al  nanoparticles  with  a  mean  primary 
particle  size  of  5-500  nm  (depending  on  laser  pulse 
duration  and  fluence  as  well  as  carrier  gas  type  and 
pressure)  [7,9,30].  It  has  also  been  demonstrated  that 
using  higher  laser  pulse  energies  increases  the  num¬ 
ber  of  smaller  nanoparticles  produced  [10] . 

A  comparison  of  the  LIBS  spectra  of  RDX  on  Al  ob¬ 
tained  using  different  pulse  energy  schemes  (ranging 
from  210  to  840  mJ)  showed  that  higher  laser  pulse 
energy  results  in  both  increased  overall  spectral 
emission  and  relative  AlO  emission  (Fig.  8);  the  smal¬ 
ler  Al  particle  sizes  produced  by  the  high  laser  pulse 
energy  are  more  reactive  (due  to  the  higher  relative 
surface  area)  and,  therefore,  are  oxidized  more 
quickly.  While  the  slight  increase  in  plasma  tempera¬ 
ture  observed  with  increasing  laser  pulse  energy  af¬ 
fects  the  observed  emission  intensities,  the  standard 
deviation  for  the  calculated  temperatures  was  only 
505  K,  so  we  would  expect  this  effect  to  be  minimal. 

The  double  laser  pulses  result  in  stronger  RDX 
spectra  (compared  to  single  pulse  spectra  of  the  same 
total  pulse  energy),  but  weaker  AlO  emission,  since 
less  O  is  entrained  in  the  laser-induced  plasma  (as 
seen  by  comparing  the  O  intensity  from  the  blank 
Al  at  420  mJ  versus  2  x  210  mJ  in  Fig.  8).  The  rela¬ 
tive  C  intensity  increases  with  increasing  laser  pulse 
energy.  Unlike  with  the  AlO,  there  is  no  decrease  in  C 
emission  between  a  single  420  mJ  pulse  and  a  double 


Wavelength  (nm) 

Fig.  7.  (Color  online)  As  the  concentration  of  Al  in  the  RDX/A1 
mixture  was  increased,  the  C2  (top)  and  AlO  (bottom)  emission 
from  the  laser-induced  plasma  increased  on  all  five  metal  sub¬ 
strates,  including  the  Al  and  Cu  substrates. 


2  x  210  mJ  pulse.  Despite  the  strong  C  signal,  no  C2 
was  observed  at  any  laser  pulse  energy.  RDX  does  not 
contain  any  C— C  bonds,  so  no  C2  fragments  are 
formed  by  the  initial  laser  ablation  (Fig.  2).  Without 
the  presence  of  additional  Al  to  scavenge  the  O,  the  O 
in  the  plasma  reacts  with  C  (Eq.  7),  preventing  the 
formation  of  significant  amounts  of  C2  [15], 

D.  Effect  of  Trace  Elements  on  RDX  Chemistry 

In  addition  to  studying  the  interaction  of  pure  metal 
substrates  and  Al  additive  with  RDX,  we  also  inves¬ 
tigated  the  effect  of  minor  impurities  or  trace  ele¬ 
ments  on  the  chemical  reactions  occurring  in  the 
laser-induced  plasma.  LIBS  spectra  of  a  series  of  pri¬ 
marily  aluminum  samples  were  obtained,  including 
an  A1203  substrate  and  three  NIST  standard  refer¬ 
ence  material  Al  alloys.  Table  2  lists  the  concentra¬ 
tions  of  the  trace  elements  for  each  sample  (when 
known),  divided  into  two  categories:  those  observed 
in  the  double  pulse  LIBS  spectra  in  argon,  and  those 
that  were  not  observed.  Only  the  A1203  substrate 
spectra  contained  significant  O  emission  lines,  indi¬ 
cating  that  the  atmospheric  contributions  to  the 
LIBS  signal  were  negligible  (none  of  the  blank  sub¬ 
strates  had  measurable  N  lines).  All  five  substrates 
have  C  and  H  lines,  even  after  multiple  cleaning 
shots  to  remove  surface  contamination. 
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Fig.  8.  Emission  intensity  for  A10  (top)  and  O  (bottom)  obtained 
from  RDX  residue  on  A1  with  a  single  210  mj  pulse,  a  420  mJ 
pulse,  and  double  pulse  excitation  (2  x  210  and  2  x  420  mj).  Error 
bars  represent  95%  confidence  intervals. 


RDX  residue  was  applied  to  the  five  aluminum 
substrates  and  Fig.  9  shows  the  C  emission  intensi¬ 
ties  (normalized  to  the  Ar  line  at  763.511  nm)  ob¬ 
served  in  the  LIBS  spectra.  The  high-purity 
aluminum  substrate,  with  the  fewest  trace  elements, 
gave  the  strongest  C  signal  from  the  RDX  residue. 
The  presence  of  more  A1  in  the  plasma  increases 
the  C  signal  by  reducing  the  amount  of  free  0  avail¬ 
able  to  react  with  C  via  Eq.  (7).  However,  much  of  this 
increase  in  C  emission  intensity  can  be  attributed  to 
the  higher  plasma  temperature  with  the  pure  A1  sub¬ 
strate  (12,086  ±  356  K).  The  four  A1  alloys,  on  the 
other  hand,  produce  nearly  identical  plasma  tem¬ 
peratures  when  the  RDX  residue  is  present  (within 
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Fig.  9.  Emission  intensities  for  the  C  line  from  the  LIBS  spectra 
of  RDX  residue  on  five  different  A1  samples.  Error  bars  represent 
95%  confidence  intervals. 


the  standard  deviation  of  the  shot-to-shot  variation). 
For  example,  alloy  5182  (with  RDX)  results  in  a  plas¬ 
ma  temperature  of  10,565  ±  145  K,  compared  to 
10,608  ±  243  K  for  alloy  7075 — yet  the  increase  in 
C  emission  signal  is  nearly  fourfold  for  alloy  7075. 
Differences  in  the  plasma  chemistry  resulting  from 
the  trace  elements  present  in  the  aluminum  alloys 
are  clearly  evident.  Alloy  7075  has  the  highest  Zn 
concentration,  and  the  highest  C  signal  of  the  three 
alloys.  Alloy  5182,  despite  having  the  highest  A1  con¬ 
centration  of  the  three  alloys,  has  the  highest  Mg 
concentration.  Since  Zn  has  a  significantly  lower 
oxidation  potential  (0.76  V)  than  Mg  (2.37  V)  [26], 
it  makes  sense  that  alloy  7075  would  have  the  high¬ 
est  C  signal  among  the  alloys  and  alloy  5182  would 
have  the  lowest — the  presence  of  easily  oxidizable 
species  will  decrease  the  amount  of  O  available  to  re¬ 
act  with  the  C.  Alloy  380  also  contains  a  significant 
amount  of  Si,  which  also  has  a  low  oxidation  poten¬ 
tial  (0.91  V)  [26].  Alumina  has  the  highest  O  content, 
which  would  typically  favor  the  formation  of  CO/CO2 
(i.e.  less  C  emission);  however,  this  effect  may  be  off¬ 
set  by  its  higher  aluminum  content  than  the  other 
three  alloy  substrates. 

4.  Conclusions 

Although,  at  first  glance,  an  explosive  detonation  and 
a  laser-induced  plasma  may  not  seem  to  have  much  in 


Table  2.  Trace  Metal  Content  (Including  Elements  Observed  in  LIBS  Spectra)  for  Five  Different  Aluminum  Samples 


Minor  Components 

Sample 

%  A1 

Observed 

Not  Observed 

Alumina  (AI2O3) 

unknown 

Si,  Mg,  Fe,  Ti,  Sr,  Cr,  Pb,  Cu 

Mn,  Zn,  Ni,  Sn,  Be 

Alloy  380 

82.99 

9.362%  Si,  3.478%  Cu,  1.011%  Zn,  0.865%  Fe, 

0.3857%  Mn,  0.4135%  Ni,  0.0188%  Sr,  0.877%  Ti, 
0.0572%  Cr,  0.0637%  Mg,  0.1075%  Pb,  0.0212%  V 

0.35%  Sn 

Alloy  7075 

89.76 

5.44%  Zn,  2.48%  Mg,  1.60%  Cu,  0.025%  Be,  0.173%  Cr, 
0.18%  Si,  0.205%  Fe,  0.079%  Mn,  0.063%  Ni 

Alloy  5182 

94.58 

4.474%  Mg,  0.3753%  Mn,  0.1553%  Si, 

0.0494%  Cu,  0.199%  Fe 

0.034%  Cr,  0.015%  Pb,  0.0195%  Ni,  0.0002%  Sr, 
0.0335%  Ti,  0.0174%  V,  0.0505%  Zn 

Aluminum 

99.999 

Si,  Cu,  Fe 

Mn,  Zn,  Sn,  Pb,  Ni,  Sr,  Ti,  Cr,  V,  Be 
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common,  they  are  both  very  high-temperature  (thou¬ 
sands  of  Kelvin),  high  pressure  (up  to  ~105  atm)  en¬ 
vironments  subjected  to  a  shock  wave  resulting  in  the 
rapid  decomposition  of  the  explosive  into  atomic  con¬ 
stituents  and  subsequent  exothermic  formation  of 
gaseous  products.  Understanding  the  chemistry  that 
occurs  in  the  reaction  front  of  an  explosive  detonation 
is  extremely  difficult  due  to  the  short  time  scale  and 
violent  release  of  energy  in  the  form  of  heat,  sound, 
light,  and  blast.  In  addition,  full-scale  detonation  test¬ 
ing  is  quite  expensive.  The  ability  to  study  the  chemi¬ 
cal  reactions  of  explosives  in  a  small-scale  laboratory 
environment  that  does  not  require  extensive  safety 
precautions  would  greatly  benefit  the  development 
of  improved  explosive  formulations.  The  use  of  optical 
emission  spectroscopy  to  study  the  chemical  reactions 
of  laser-generated  nanoenergetic  materials  in  laser- 
induced  plasmas  is  extremely  promising.  By  monitor¬ 
ing  the  emission  intensity  of  different  reactant  spe¬ 
cies  as  a  function  of  time,  a  better  understanding  of 
the  chemistry  of  metallic  nanoparticles  and  molecular 
explosives  at  high  temperatures  can  be  achieved, 
eventually  enabling  the  development  of  explosive  for¬ 
mulations  with  higher  explosive  power  and  fewer 
harmful  byproducts. 

Time-resolved,  broadband  emission  of  chemical 
species  involved  in  the  reaction  of  RDX  and  metallic 
nanoparticles  in  a  laser-induced  plasma  has  been  ob¬ 
served.  Using  the  methodology  presented  here  for 
investigating  the  chemical  processes  involved  in  na¬ 
noenergetic  material  reactions,  we  observed  the  in¬ 
crease  in  C2  emission  resulting  from  an  increase  in 
A1  powder  additive,  as  confirmed  by  the  observations 
of  Song  et  al.  [5]  in  a  shock  tube  explosion.  The  time 
evolution  of  species  formation,  the  effects  of  laser 
pulse  energy,  and  the  effects  of  trace  metal  content 
on  chemical  reactions  were  also  studied.  In  addition 
to  matrix  effects  induced  by  the  interaction  of  the  la¬ 
ser  with  the  metal  substrate  (affecting  the  amount  of 
material  ablated,  plasma  temperatures,  electron 
densities,  etc.),  we  have  shown  that  differences  in 
the  plasma  chemistry  of  RDX  with  ablated  metals 
significantly  alters  the  LIBS  spectra  of  RDX. 

In  a  recent  kinetic  modeling  study  by  Ma  and 
Dagdigian  [23],  the  effect  of  Al  particles  ablated  from 
the  substrate  surface  on  the  plasma  chemistry  was 
neglected  based  on  assumptions  as  to  the  entrain¬ 
ment  of  the  ablated  Al  in  the  laser-induced  plasma 
[16].  Their  initial  experimental  results  [16],  which 
formed  the  basis  for  this  assumption,  were  obtained 
under  very  different  experimental  conditions  than 
the  present  study  (a  single  laser  pulse  of  20  mJ  at 
355  nm  on  a  thin  Al  foil  was  used).  In  addition, 
the  effect  of  the  presence  of  organic  residue  on  the 
laser-material  interaction  was  not  considered.  Their 
resulting  kinetic  model  significantly  underestimated 
the  molecular  emission  of  C2  (and  CN)  from  the  plas¬ 
ma  [23].  Our  current  experimental  results  showing 
that  increasing  the  Al  content  in  the  plasma  results 
in  increased  C2  emission  as  a  result  of  the  preferen¬ 
tial  oxidation  of  Al  over  C  suggest  that  including  the 


effects  of  Al  in  the  kinetic  model  may  improve  the 
results. 

Future  improvements  to  the  current  experimental 
setup  should  include  the  incorporation  of  on-line 
monitoring  of  particle  size  distribution  [10]  in  order 
to  directly  correlate  the  plasma  chemistry  to  particle 
size  effects,  and  the  monitoring  of  mid-IR  emission 
from  the  plasma  to  obtain  information  on  the  concen¬ 
tration  of  important  species  such  as  CO,  C02,  NO, 
and  N02  in  the  plasma  [31].  Experiments  are  under¬ 
way  to  study  the  particle  sizes  produced  by  laser 
ablation  of  RDX.  Additional  experiments  to  be  per¬ 
formed  include  tuning  the  laser  properties,  such  as 
pulse  duration  and  wavelength,  to  adjust  the  size 
and  size  distribution  of  the  ablated  particles,  and  ex¬ 
ploring  other  explosive  formulations,  such  as  TNT/A1 
and  Al/Teflon. 

The  author  thanks  Dr.  Frank  C.  De  Lucia,  Jr.  for 
numerous  thoughtful  discussions  relating  to  this 
work. 
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